The magnetic susceptibility of Ce 1−x La x Os 4 Sb 12 , with x ≈ 0.2, exhibits a pronounced maximum at T m = 80 K. This T m coincides roughly with the temperature below which a small gap, believed to be a hybridization gap, is observed in spectroscopic measurements in undoped CeOs 4 Sb 12 . However, a similar anomaly, at a lower temperature of 50 K, is observed in LaOs 4 Sb 12 . Furthermore, there is a monotonic variation of T m with x, for x > 0.2, suggesting the same origin of the two anomalies and undermining a simple hybridization gap interpretation of the susceptibility of Ce 1−x La x Os 4 Sb 12 alloys, with x < 1. A possibility of the hybridization gap opening, induced by freezing out of local phonons, strongly coupled with electronic degrees of freedom, is discussed.
Introduction
Filled skutterudites remain under extensive research scrutiny for their exotic low temperature properties and for practical applications in energy conversion devices. Compounds with a chemical formula, ROs 4 Sb 12 , where R stands for a rare earth atom, form an outstanding subclass of filled skutterudites, with PrOs 4 Sb 12 as the first discovered Pr heavy fermion superconductor [1] , NdOs 4 Sb 12 the only known Nd-based heavy fermion [2] , and SmOs 4 Sb 12 a unique Sm-based heavy fermion [3] , whose low temperature specific heat is insensitive to magnetic fields as strong as 30 T. CeOs 4 Sb 12 [4] is believed to be a Kondo insulator [5, 6] . In each of these cases, the electronic configuration of the f-ion is considered to be responsible for the unique low temperature behavior. For instance, the near degeneracy of the lowest crystalline electric field (CEF) levels of Pr and mixed valence of Sm are the main ingredients of the models proposed to explain the heavy fermion behavior of PrOs 4 Sb 12 and SmOs 4 Sb 12 , respectively. At the same time, the singularity of the behaviors and ground states found in these materials indicates the importance of their crystal structure. All these compounds form in the body center cubic (Im3) crystal structure whose unique feature is the oversized icosahedron cage made of 12 Sb ions. The rare earth ions are loosely bound inside the cage leading to the rattling phenomenon [7] .
Pseudoternary Ce 1−x La x Os 4 Sb 12 alloys seem to be the most appropriate system to disentangle the roles of f-moments and crystal structure, because of the chemical similarity between Ce and La. La is a non-f-electron analog of Ce. The lattice constant of CeOs 4 Sb 12 , 9.304Å, is only slightly smaller than that for LaOs 4 Sb 12 of 9.309Å. In Kondo insulators or hybridization gap materials [5, 6] , to which CeOs 4 Sb 12 belongs, the gap at the Fermi energy is believed to arise due to the hybridization of f and conduction electrons. Interestingly, there is a relatively large number of Kondo insulators among filled skutterudites, such as CeOs 4 Sb 12 , CeOs 4 As 12 [8] , and CeRu 4 Sb 12 under pressure [9] , underscoring again the close interconnection between the low temperature electronic behavior and the crystal structure. By systematic investigation of the magnetic susceptibility in Ce 1−x La x Os 4 Sb 12 , we demonstrate that precursors of characteristic Kondo insulator properties exist already in LaOs 4 Sb 12 , which has no f-electrons.
Experimental details
Single crystals for this investigation were obtained by the Sb self-flux method using the purest commercially available elements. Ce and La were from AMES National Laboratory, 5N Sb from AESAR of Johnson Matthey. Most of the crystals were grown using Os from Colonial Metals with a nominal purity of 99.95%. For some of the crystals Os from AESAR with a nominal purity of 99.5% was used. Previously, we have not detected any differences between crystals obtained using Os from these two sources. Unless otherwise noted, single crystals used in this study were at least 5 mg in size. A special effort was made on pure LaOs 4 Sb 12 , single crystals of which with a mass of 20-40 mg were grown and studied. Susceptibility measurements were carried out in a Quantum Design superconducting quantum interference device (SQUID) magnetometer using two concentric tubes with similar diameters. Crystals were fitted snugly between the tubes such that no holder subtraction was needed, resulting in high accuracy data. All measurements were performed in the field of 0.5 T, unless otherwise stated.
The alloy parameter x for all Ce 1−x La x Os 4 Sb 12 alloys studied is assumed to be the nominal composition, i.e. the relative composition of Ce and La in the flux. The composition of alloys with x > 0.5 was checked by scanning electron microscopy (SEM), using the CAMCOR MicroAnalytical Facility at the University of Oregon. There was a good agreement between the two measures of x except for x = 0.8 as noted below.
One of the most interesting aspects of a Kondo insulator [5, 6] is a broad maximum in the magnetic susceptibility at a characteristic temperature T m . Such a maximum is also observed in Ce-mixed valent materials implying a close relationship between Kondo insulators and mixed valent systems. T m coincides with a temperature below which the hybridization gap is formed. The existence of the gap at low temperatures only, below T m , differentiates Kondo insulators from conventional small gap semiconductors and is not well understood. There is also a good empirical correlation between T m and the size of the electronic energy gap at T F . T m in Kondo insulators is approximately equal to the value of the indirect gap, probed by transport measurements, and roughly a half of the direct gap size measured by optics. This relationship between the direct and indirect gaps in Kondo insulators has been explained by numerical calculations of the periodic Anderson model [10] .
A direct gap of 70 meV and indirect gap of 27 meV were observed both in optical [11] (charge) and neutron [12] (spin gap) measurements of CeOs 4 Sb 12 . Low temperature resistivity [4] seems to provide evidence of a third gap, ≈10 K, which we believe is the mobility gap due to the small amount of disorder [13] (e.g. Ce vacancies). This disorder introduces localized states in the gap and displaces the Fermi level into the valence band, close to the band edge. The indirect gap of 27 meV in CeOs 4 Sb 12 develops at temperatures below 60 K. Therefore, we would expect a susceptibility maximum at a temperature T m of the order of 100 K.
High temperature χ (figure 1) of our CeOs 4 Sb 12 crystals is consistent with the susceptibility of essentially non-interacting ( CW ≈ 0) full 4f 1 moments of Ce. The straight line in the inset to figure 1 corresponds to the Curie law for 2.54 µ B /Ce moments. We note that previously reported high temperature µ eff and CW spanned a wide ranges of values, suggesting strong sample dependence and/or deviations from the Curie-Weiss law. In particular, both positive and negative CW were reported [4, 12] . χ (T) deviates from the Curie dependence below 200 K. These deviations seem to be characteristic of CEF effects rather than mixed valence. In fact, the original understanding of these deviations was in terms of CEF effects [4] . La-alloying suggests that these deviations from the Curie law in x = 0 are due to a weak shoulder at T m ≈ 100 K, superimposed on a low temperature tail. The T m shoulder near 100 K becomes clearer for the sample with 5% of La substituted for Ce. A shallow maximum was previously reported for x = 0.1 [14] at 100 K. An alloy with x = 0.2 (figure 1) has a pronounced maximum in the susceptibility, typical of Kondo insulators, thus expected for the pure CeOs 4 Sb 12 . Interestingly, similar alloying variation was observed [15] in the susceptibility of La-doped CeRu 4 Sb 12 .
In this latter case, a shallow maximum at 90 K (most likely a signature of opening a hybridization pseudo-gap) becomes very distinct when La replaces just 10% of Ce. The enhancement of the susceptibility maximum when doped with La found both in CeOs 4 Sb 12 and CeRu 4 Sb 12 differentiates these systems from more conventional Kondo insulators [16, 17] , such as Ce 3 Bi 4 Pt 3 . The susceptibility maximum in Ce 1−x La x Os 4 Sb 12 becomes more pronounced, while the resistivity becomes more metallic, when La is substituted for Ce in Ce 1−x La x Os 4 Sb 12 .
The high temperature susceptibility of Ce 1−x La x Os 4 Sb 12 alloys with x between 0.05 and 0.2 shows approximate Curie-Weiss behavior with an effective moment between 2.5 and 2.7 µ B /Ce and a paramagnetic Curie-Weiss temperature within a narrow window of −50 K (±20 K). These parameters depended on the temperature range of the fit. In general, the fit over higher temperatures resulted in µ eff closer to the theoretical 2.54 µ B and smaller absolute value of CW . Accurate measurements outside the temperature range of our magnetometer are necessary to quantify the variation of CW on x. Nevertheless, based on our results, we believe there is a small but systematic increase of the absolute value of CW upon La-doping.
Interestingly, this maximum in the susceptibility persists also for more strongly diluted alloys. Figure 2 show the susceptibility of two crystals with a nominal composition Ce 0.5 La 0.5 Os 4 Sb 12 , obtained from the same batch. The maximum is at about 85 K, thus at a temperature lower than that for x = 0.2. The second crystal was measured up to 200 K only, since the susceptibility of both samples showed good agreement above 100 K. The high temperature susceptibility can be approximated by the Curie-Weiss law, but there are detectable deviations from this variation all the way to 300 K. χ −1 versus T shows a small positive curvature at high temperatures. µ eff and CW extracted from the data above 200 K are 2.78 µ B and −122 K, respectively. We expect this µ eff to be closer to the theoretical free Ce value for fits performed at still higher temperatures, after subtracting χ of LaOs 4 Sb 12 . Below 50 K, there is a significant discrepancy between the two crystals. Low temperature discrepancies were observed [4] in undoped CeOs 4 Sb 12 , suggesting that the low temperature susceptibility tail might have extrinsic character, for instance due to small amounts of Ce 3+ impurities [4] and/or Kondo holes [13] . We have found similar discrepancies for all Ce 1−x La x Os 4 Sb 12 compositions, including very dilute ones. This low temperature tail can be partially suppressed by strong magnetic fields. Low temperature magnetization of crystal #2 is nonlinear with H, as demonstrated in the inset to figure 2, which shows M/H (magnetization divided by field) versus H at 2 K. Figure 3 presents the susceptibility for a relatively dilute alloy, with nominal x = 0.8 together with that for LaOs 4 Sb 12 (x = 1). Note that in order to show the data on the same scale, the susceptibility values for x = 1 are multiplied by a factor of 1.5. Subsequent SEM analysis of x = 0.8 crystal indicated Ce content to be 14% only (x = 0.86). For this reason and because the non-f-electron contribution to χ is expected to LaOs 4 Sb 12 , which has no f-electrons, has a weak susceptibility maximum itself. This unexpected result was checked by investigating several other crystals of this compound prepared using two different sources of Os metal and changing the composition of the flux. We have observed some discrepancies between different crystals of LaOs 4 Sb 12 , particularly in the low temperature values. However, all crystals studied displayed a maximum between 50 and 60 K. A similar susceptibility maximum can also be seen in [18] . This maximum correlates with the results [19] The high temperature susceptibility of LaOs 4 Sb 12 seems to exhibit local moment behavior. However, closer inspection shows that the Curie-Weiss law does not describe the susceptibility at room temperature. This is illustrated in the inset to figure 3 where the inverse of χ is presented as a function of temperature. One can fit this χ above 150 K by a sum of a constant and Curie-Weiss terms, but the parameters obtained from such a fit are anomalous. In particular, the fit yields a large effective paramagnetic moment of 1.4 µ B /f.u., which cannot be explained by a reasonable concentration of magnetic impurities. On the other hand, above 150 K, χ varies approximately logarithmically with temperature (inset to The origin of the maximum and logarithmic temperature variation of χ in non-f-electron filled skutterudites is puzzling and controversial [20, 18] . This temperature variation of the susceptibility was suggested to be due to strong coupling between local phonons, described by an Einstein oscillator, and conduction electrons [20] . Such a system has a (pseudo-spin) two-channel fixed point [21] , for which the real spin susceptibility can be weakly divergent with lowering of temperature. The susceptibility maximum can be related to ferromagnetic spin fluctuations. ( and relatively large γ ) argues against the importance of spin fluctuations in this compound [18] .
The concentration variation of T m shown in figure 4 seems to imply that the susceptibility maximum has the same origin in all Ce 1−x La x Os 4 Sb 12 alloys. There is no clearly defined maximum in the pure CeOs 4 Sb 12 . La-alloying initially leads to the development of this structure and then to the continuous reduction of T m . In a canonical Kondo insulator, Ce 3 Bi 4 Pt 3 [16] , La-doping [17] also results in a reduction of T m . This reduction can be explained by the usual lattice pressure effects on the hybridization. La atoms expand the lattice causing a decrease of the hybridization. However, we expect the lattice pressure effects to be too small to explain the difference in T m for x = 0.2 and 0.8 alloys. The relative increase of the lattice constant from CeOs 4 12 at high temperatures follows the Curie law of non-interacting moments. We also do not find any evidence for the decrease of the hybridization upon La-doping. The Curie-Weiss temperature indicates rather an increase of the hybridization with x. Finally, the existence of the susceptibility maximum in LaOs 4 Sb 12 suggests that T m (x) variation is not related to f-electron degrees of freedom at all.
Summary
Transport properties, such as thermal conductivity, also display a characteristic temperature that might have a concentration variation similar to that for T m . However, only the end-compounds (x = 0 and 1) have been investigated [18] . The thermal conductivity of both compounds is modified with respect to simple metals in a way suggesting strong electron-phonon coupling and is reduced due to scattering of phonons on rattling rare earth ions. The thermal conductivity of CeOs 4 Sb 12 and LaOs 4 Sb 12 has a shoulder at approximately 50 and 30 K, respectively. Interestingly, the Einstein temperature (T E ), describing the rattling of the rare earth ion, changes from 71 [7] to 58 K [18] between CeOs 4 Sb 12 and LaOs 4 Sb 12 . Thus, T E also seems to correlate with the variation of T m in the susceptibility. Note that the decrease of T E between the Ce and La compounds in itself is unusual. One would expect T E of CeOs 4 Sb 12 to be lower, since there is a greater mismatch between the size of the Sb-cage and of the rare earth ion for the Ce filler than for La. The reported investigations [20, 18] of several filled skutterudites imply the existence of a correlation between the anomalies in the susceptibility and transport properties.
The pronounced susceptibility maximum in weakly La-doped CeOs 4 Sb 12 alloys (Ce 0.8 La 0.2 Os 4 Sb 12 ) has a dual character. On one hand, it marks the opening of the hybridization gap. On the other hand, T m is a characteristic phonon temperature, below which strong rattling of the rare earth ions ceases. Possibly, rattling (and strong interactions between rattling and electrons) weakens the hybridization, preventing the gap formation at high temperatures. Optical measurements of the LaOs 4 Sb 12 crystal are under way to determine if frequency variation of the conductivity changes its character when temperature is lowered from room temperature to less than T m .
